Abbreviations
=============

AS1842856

:   5-amino-7-(cyclohexylamino)-1-ethyl-6-fluoro-4-oxo-1, 4-dihydroquinoline-3-carboxylic acid

BMI

:   basal media I

BMII

:   basal media II

C1

:   mitochondrial complex I

C3

:   mitochondrial complex III

DMI

:   differentiation media I

DMII

:   differentiation media II

FoxO1

:   forkhead box O1

G6P

:   glucose 6-phosphatase

PEPCK

:   phosphoenolpyruvate carboxykinase

PPARγ

:   peroxisome proliferator-activated receptor gamma

T2DM

:   type 2 diabetes mellitus

Introduction {#s0001}
============

Obesity is a rapidly growing epidemic.[@cit0001] Characterized by excess adiposity, obese individuals show aberrant glucose and lipid metabolism.[@cit0004] The resultant glucotoxicity and lipoxicity have been found to impair endocrine (e.g., insulin secretion and signaling pathway) and cardiovascular functions, linking obesity to higher risks of type 2 diabetes mellitus (T2DM) and heart diseases.[@cit0004] Thus, control of adiposity and glycemia is critical to prevent obesity and related metabolic complications.

It has been recognized that hyperplasia --- an increase in de novo adipocyte formation (i.e., adipogenesis) contributes to excess white adipose tissue in obese subjects.[@cit0003] During the development of adipose tissue, pre-adipocytes or precursor/stem cells differentiate into mature adipocytes through complex adipogenic programs that regulate signaling transduction, transcriptional regulation, cell cycle and mitochondrial metabolism.[@cit0005] The transcription factor forkhead box O1 (FoxO1) regulates an array of genes and integrates insulin signaling with metabolic homeostasis, which has been shown to play an important role in adipogenesis.[@cit0005]^,^[@cit0011] In particular, FoxO1 controls adipogenesis through interacting with peroxisome proliferator-activated receptor gamma (PPARγ) and the cell cycle inhibitor p21 (CDKN1A).[@cit0015] FoxO1 haploinsufficiency protects mice from diet induced insulin resistance and diabetes.[@cit0015] In the liver, activated FoxO1 can regulate lipid metabolism by manipulating mitochondrial function,[@cit0020] and it also increases blood glucose by upregulating glucose 6-phosphatase (G6P) and phosphoenolpyruvate carboxykinase (PEPCK), the gluconeogenic enzymes that promote glucose production.[@cit0022] These multiple roles in regulating metabolism demonstrate the great potential to target FoxO1 for new therapeutics for obesity and T2DM.[@cit0005]

A selective FoxO1 antagonist, 5-amino-7-(cyclohexylamino)-1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (commercially AS1842856), was discovered recently.[@cit0023] It can potently inhibit the DNA binding of FoxO1 and its transactivation.[@cit0023] In hepatic cells, AS1842856 inhibits glucose production by suppressing G6P and PEPCK mRNA levels, and administration of AS1842856 to diabetic db/db mice significantly reduces fasting blood glucose.[@cit0023] However, the effect of AS1842856 on adipogenesis has not been examined. In the present study, we targeted FoxO1 with AS1842856 and investigated its effects on adipogenesis. We found that persistent inhibition of FoxO1 by AS1842856 almost completely inhibited adipogenesis, which was accompanied with significant suppression of the adipogenic regulator PPARγ and mitochondrial proteins (complexes I and III). By contrast, selective inhibition at different stages of adipocyte differentiation imposed differential effects on adipogenesis, suggesting that FoxO1 plays stage-dependent roles in adipogenesis. Indeed, we found for the first time that the kinetics of FoxO1 activation and inactivation follows a series of sigmoid curves, which reveals the phases specifically relevant to clonal expansion, cell cycle arrest and PPARγ and mitochondrial regulation. Furthermore, additional sigmoid phases exist in the late stage of kinetics, which warrants future investigation.

Results and Discussion {#s0002}
======================

Persistent inhibition of FoxO1 by AS1842856 prevented adipocyte differentiation {#s0002-0001}
-------------------------------------------------------------------------------

Following an established protocol we cultured 3T3L1 preadipocytes in basal media (days 0-2, BMI), and adipocyte differentiation was induced with differentiation media I (days 3-4, DMI) and differentiation media (days 5-6, DMII), and then the cells were maintained in basal media (days 7-12, BMII) (**Fig. S1A**).[@cit0026] BMI and BMII are the same chemically but different in cell differentiation stages. Compared with the preadipocytes, the fully differentiated cells (mature adipocytes) showed significant accumulation of lipid droplets and strong oil red O staining ([**Fig. 1A and B**](#f0001){ref-type="fig"}; **Fig. S1B and C**). However, persistent treatment of cells with AS1842856 (days 0-12) almost completely prevented the adipogenesis ([**Fig. 1C and D**](#f0001){ref-type="fig"}; **Fig. S1D**). In line with AS1842856 predominantly blocking dephosphorylated FoxO1 and interfering with its interaction with DNA binding sites to suppress Foxo1-mediated transactivation,[@cit0023] treatment of the cells with AS1842856 locked FoxO1 in a state of being highly dephosphorylated, and the phosphorylation level was less than 10% of that in untreated adipocytes (*P* \< 0.0001; [**Figs. 1E and F**](#f0001){ref-type="fig"}). In addition, the level of total FoxO1 protein was reduced by 52% (*P* \< 0.05) ([**Fig. 1E and G**](#f0001){ref-type="fig"}). Therefore, AS1842856 induced prevention of adipogenesis was associated with its inhibitory effects on FoxO1. Figure 1.Persistent inhibition of FoxO1 by AS1842856 largely suppressed adipogenesis. (**A--B**) Microscopy images of preadipocytes that were maintained in basal medium (**A**), and that underwent differentiation induced with the protocol as described in Materials and Methods (**B**). (**C**) Microscopy images of cells that were treated with AS1842856 (1.0 μM, days 0--12) and underwent differentiation induction as in (**B**). All the images were captured on day 12, with the microscope set at 100X. (**D**) Measurement of extracted Oil red O retained in cells by the absorbance (O.D.) at 510 nm (n = 6). (**E**) Representative western blot showing that AS1842856 inhibited FoxO1 through binding the de-phosphorylated sites, and to a lesser extent suppressed FoxO1 protein expression. β-actin was probed as the loading control. DI, differentiation induction; AS, AS1842856. (**F and G**) Densitometric analysis of protein gel blot images with NIH ImageJ software; n = 3−5. \* *P* \< 0 .05, and \*\*\*, *P* \< 0 .0001.

AS1842856 reduced PPARγ protein levels {#s0002-0002}
--------------------------------------

The transcription factor PPARγ plays a key role in adipogenesis,[@cit0027] and its expression and activity can be regulated by FoxO1.[@cit0005]^,^[@cit0016] To test whether AS1842856 affects PPARγ, we measured the protein level of PPARγ after induction of differentiation ([**Fig. 2A and B**](#f0002){ref-type="fig"}). In fully differentiated (or mature) adipocytes, the expression of PPARγ was about 10-fold greater (*P* \< 0.0001) than in pre-adipocytes. However, treatment of cells with AS1842856 (days 0-12) significantly suppressed PPARγ ([**Fig. 2A and B**](#f0002){ref-type="fig"}). Loss of PPARγ function may account largely for AS1842856 induced inhibition of adipogenesis ([**Fig. 1C**](#f0001){ref-type="fig"}). Consistently, adiponectin---the adipokine that is secreted predominantly by mature adipocytes[@cit0006]---was highly expressed in the fully differentiated cells but barely detected in AS1842856 treated cells ([**Fig. 2A and C**](#f0002){ref-type="fig"}). These data suggest that suppression of adipogenesis by AS1842856 involves interference with the FoxO1-PPARγ axis. Figure 2.AS1842856 suppressed PPARγ and mitochondrial protein expression. (**A**) Western blots showing the effect of AS1842856 on PPARγ, adiponectin, mitochondrial proteins C1 and C3. β-actin was probed as the loading control. DI, differentiation induction; AS, AS1842856. (**B--D**) Densitometric analysis of western blot images with NIH ImageJ software; n = 3−5. \* *P* \< 0 .05; \*\*, *P* \< 0 .01; and \*\*\*, *P* \< 0 .0001.

AS1842856 reduced mitochondrial protein levels {#s0002-0003}
----------------------------------------------

Mitochondria underpin adipogenesis and adipocyte function.[@cit0006] As FoxO1 was implicated in mitochondrial regulation,[@cit0012] we asked if AS1842856 interferes with mitochondrial function in adipocytes. Western blot analysis of mitochondrial proteins revealed 2.6-fold (*P* \< 0.01) upregulation of respiration chain complex I (C1) and 3.9-fold (*P* \< 0 .01) elevation of complex III (C3) in matured adipocytes when compared with pre-adipocytes ([**Fig. 2A, D, and E**](#f0002){ref-type="fig"}). However, treatment with AS1842856 substantially reduced the levels of C1 (24%, *P* \< 0.05) and C3 (46%, *P* \< 0.01) when compared with the fully differentiated adipocytes, indicative of an impaired mitochondrial function or efficiency ([**Fig. 2A, D, and E**](#f0002){ref-type="fig"}). Thus, inhibition of FoxO1 by AS1842856 seems to prevent adipogenesis by interfering with mitochondrial function in addition to PPARγ expression.

FoxO1 underwent sigmoid activation during adipocyte differentiation {#s0002-0004}
-------------------------------------------------------------------

FoxO1 can repress PPARγ expression and transrepress its transactivation,[@cit0015] implying that silencing FoxO1 may stimulate PPARγ and promotes adipogenesis. However, persistent inhibition of FoxO1 (days 0-12) with AS1842856 markedly suppressed PPARγ and prevented adipogenesis, suggesting FoxO1 activation was indispensable for adipogenesis ([**Figs. 1**](#f0001){ref-type="fig"}**-**[**2**](#f0002){ref-type="fig"}; **Fig. S1**). In line with this, silencing FoxO1 in preadipocytes with siRNA severely prevents the cells from differentiation.[@cit0014] To better understand the physiological role of FoxO1, we studied the kinetics of FoxO1 activation (i.e., dephosphorylation) and inactivation (i.e., phosphorylation) during 3T3L1 cell differentiation.[@cit0005] As shown in [**Fig. 3A and B**](#f0003){ref-type="fig"}, FoxO1 activation followed a series of sigmoid curves, revealing 3 inactivation peaks (days 1, 5 and 9) and 3 activation peaks (days 3, 7 and 10). FoxO1 was most inactive on day 1 (IP1), when the cells reentered into cell cycle with clonal expansion ([**Fig. 3B**](#f0003){ref-type="fig"}).[@cit0015] By contrast, FoxO1 reached the first activation peak (AP1) on day 3, when postmitotic growth arrest takes place ([**Fig. 3B**](#f0003){ref-type="fig"}).[@cit0015] These data strongly support the notion that FoxO1 regulates the cell cycle.[@cit0005] Figure 3.The kinetics of FoxO1 activation followed a series of sigmoid curves during adipogenesis. (**A**) Western blots showing FoxO1 expression (i.e., tFoxO1), activation (i.e., dephosphorylation) and inactivation (i.e., phosphorylation) during adipogenesis. β-actin was probed as the loading control. (**B**) Densitometric analysis of protein gel blot images with NIH ImageJ software; n = 3−5. AP, activation peak; IP, inactivation peak. \* *P* \< 0 .05; and \*\*\*, *P* \< 0 .0001.

The second inactivation phase took place during days 3-5 and peaked on day 5 (IP2), which was accompanied with gradual upregulation of PPARγ and adiponectin ([**Fig. 3B**](#f0003){ref-type="fig"}; [**Fig. 4A and B**](#f0004){ref-type="fig"}). Concomitantly, the expression of mitochondrial C1 and C3 increased ([**Fig. 4A and C**](#f0004){ref-type="fig"}). Interestingly, the expression of PPARγ and mitochondrial proteins was minimally changed in phase IP1 (days 0-2; [**Fig. 4A-C**](#f0004){ref-type="fig"}). Thus, phase IP2 seems to be relevant primarily to PPARγ and mitochondrial regulation, while phase IP1 to clonal expansion. Figure 4.Kinetics of FoxO1-regulated protein expression during adipogenesis. (**A**) Western blots showing the expression of PPARγ, adiponectin, mitochondrial proteins C1 and C3. β-actin was probed as the loading control. (**B**) Densitometric analysis of western blot images for PPARγ and adiponectin with NIH ImageJ software. (**C**) Densitometric analysis of protein gel blot images for C1 and C3 with NIH ImageJ software. n = 3−5. \* *P* \< 0 .05; NS, not significant.

A third inactivation peak (IP3) appeared on day 9, before which FoxO1 activation reached the second maximum (AP2) on day 7 and after which was AP3 on day 10 ([**Fig. 3B**](#f0003){ref-type="fig"}). Interestingly, the expression of PPARγ and adiponectin continuously increased in the phase transition of IP2 → AP2 (days 5-7; [**Fig. 4A and B**](#f0004){ref-type="fig"}), so did mitochondrial proteins C1 and C3 ([**Fig. 4A and C**](#f0004){ref-type="fig"}). The observation of additional transitions (IP2 →AP2, AP2→ IP3 and IP3→AP3) is novel, which fall into the same stage of "terminal differentiation" (days 4-12),[@cit0015] and warrants further study to advance our understanding of FoxO1 in adipogenic regulation.

AS1842856 had stage-dependent effects on adipogenesis {#s0002-0005}
-----------------------------------------------------

To test the importance of the additional transitions of IP2→AP3 for adipogenesis, we added AS1842856 (0.1 μM) to BMII at the end of day 6, locking FoxO1 in an inhibited state during days 7-12 (**Fig. S2A**). As controls, mature adipocytes showed significant accumulation of lipid droplets and strong Oil red O staining, which were not observed in the pre-adipocytes ([**Fig. 5A and B**](#f0005){ref-type="fig"}; **Fig. S3A and B**). By contrast, treatment of the cells with AS1842856 from day 7 to day 12 potently prevented adipogenesis regardless of differentiation induction ([**Fig. 5C**](#f0005){ref-type="fig"}; **Fig. S3C**). Thus, FoxO1 re-activation and the progression to IP2→AP3 are critical for adipogenesis. We then moved the treatments to earlier stages (**Fig. S2B-D**). Addition of AS1842856 (0.1 μM) to DMI led to a similar phenotype than to BMII ([**Fig. 5D**](#f0005){ref-type="fig"}; **Fig. S3D**). However, when it was supplemented in BMI and DMII, AS1842856 suppressed adipogenesis to a lesser extent than in DMI, suggestive of a milder disturbance of FoxO1 action in adipogenesis ([**Fig. 5E and F**](#f0005){ref-type="fig"}; **Fig. S3E and F**). Figure 5**(See previous page).** Effects of phase-specific FoxO1 inhibition on adipogenesis. (**A and B**) Images of cells that were maintained in basal medium (**A**), and that underwent differentiation induced with the protocol as described in Materials and Methods (**B**). (**C**) Images of cells that were treated with AS1842856 during stage BMII (days 7--12) and underwent differentiation induction as in (**B**). (**D**) Images of cells that were treated with AS1842856 during stage DMI (days 3--4) and underwent differentiation induction as in (**B**). (**E**) Images of cells that were treated with AS1842856 during stage BMI (days 1--2) and underwent differentiation induction as in (**B**). (**F**) Images of cells that were treated with AS1842856 during stage DMII (days 5--6) and underwent differentiation induction as in (**B**). The final concentration of AS1842856 was 0.1 μM. All the images were captured on day 12, and the microscope was set at 100X. (**G**) Measurement of extracted Oil red O retained in cells by the absorbance (O.D.) at 510 nm (n = 6). Treatments of 'A'--'F' refer to the individual treatments as described in panels **A-F**. \* *P* \< 0 .05; \*\*, *P* \< 0 .01; and \*\*\*, *P* \< 0 .0001.

Aligning stages BMI, DMI, DMII and BMII with FoxO1 activation trajectory (**Fig. S2E**), one can see the same primary mark in stages BMI and DMII, i.e., to inactivate FoxO1 at IP1 and IP2, respectively. Evidently, addition of AS1842856 to media BMI and DMII promotes FoxO1 inactivation in stages BMI and DMII, in concert with the physiological role of FoxO1 thus favorable for adipogenesis. However, AS1842856 prevents FoxO1 re-activation in the late stages of BMI (day 2) and DMII (day 6), which counteracts the physiological role of FoxO1 and may account at least in part for the overtly mild suppression of adipogenesis ([**Fig. 5E and F**](#f0005){ref-type="fig"}; **Fig. S3E and F**). By contrast, the primary mark in stages DMI and BMII is FoxO1 activation at AP1 and AP2 (**Fig. S2E**). Supplement of AS1842856 in media DMI and BMII prevents FoxO1 from reactivation, thereby largely inhibiting adipogenesis ([**Fig. 5C and D**](#f0005){ref-type="fig"}; **Fig. S3C and D**). Thus, a finely tuned activity of FoxO1 is critical for its physiological role in adipogenesis.

Conclusion {#s0003}
==========

Our data suggest targeting FoxO1 with the selective antagonist AS1842856 dramatically suppresses adipogenesis. Antagonizing FoxO1 with AS1842856 also reduces the expression of mitochondrial proteins and adiponectin, supporting the notion that mitochondrial function is critical for adipocyte differentiation.[@cit0006] Since excess adipogenesis contributes to obesity development, AS1842856 may be an anti-obesity candidate that warrants further investigation. It should be noted that the expression and activation of FoxO1 during adipocyte differentiation is fairly dynamic other than steady-state, which may explain the controversy arising from stable overexpression of FoxO1.[@cit0013] As FoxO1 activation and inactivation must follow sigmoid curves during the differentiation process, however, it is reasonable to observe that adipocytes overexpressing of constitutively active FoxO1 fail to differentiate.[@cit0015] The presence of multiple activation-inactivation transitions in the stage of "terminal differentiation" (days 4-12) suggests a complex regulation of FoxO1, and molecular events involved in these transitions remain largely unknown and warrant future study.

Materials and Methods {#s0004}
=====================

Materials {#s0004-0001}
---------

3T3-L1 preadipocytes (ATCC® CL^-^173^™^) were purchased from ATCC (Manassas, VA). Dulbecco\'s modified Eagle\'s (DMEM) medium was from Corning Inc. (Manassas, VA). Fetal bovine serum (FBS) was from GeneMate (Kaysville, UT). Dexamethasone, 3-isobutyl-1-methylxanthine (IBMX) and rosiglitazone were purchased from Cayman chemical (Ann Arbor, MI). Penicillin/streptomycin (P/S) was from GE Healthcare Life Sciences HyClone Laboratories (Logan, UT). Insulin was from Sigma-Aldrich (St. Louis, MO). FoxO1 inhibitor AS1842856 was from EMD Millipore (San Diego, CA).

Cell culture and differentiation induction {#s0004-0002}
------------------------------------------

3T3-L1 preadipocytes were cultured in basal media (i.e., DMEM media supplemented with 10% FBS, 100 units/ml penicillin and 100 μg/ml streptomycin (1 × P/S)), at 37°C in a humidified atmosphere of 5% CO2. The media were replaced every 2 d Differentiation of 3T3-L1 cells was induced as described previously with slight modification (**Fig. 1s**).[@cit0026] Briefly, 3T3-L1 cells were grown to confluence (day 0), and maintained in fresh basal media (BMI) for 2 d (days 1-2). At the end of day 2, BMI medium was changed to differentiation medium I (DMI): DMEM supplemented with 10% FBS, P/S (1 ×), IBMX (0.5 mM), dexamethasone (1 μM), insulin (1 μg/ml) and rosiglitazone (2 μM). At the end of day 4, DMI medium was changed to differentiation medium II (DMII): DMEM supplemented with 10% FBS, P/S (1 ×), and insulin (1 μg/ml). At the end of day 6, DMII medium was changed to basal media (BMII), and the cells were maintained in BMII (replaced with fresh basal medium every 2 days) until fully differentiated (day 12). As a control, preadipocytes were maintained in BMI till day 12, and the medium was replaced fresh one every 2 d Images of the cells were captured on day 12 with a Nikon ECLIPSE TS100 microscope.

AS1842856 treatments {#s0004-0003}
--------------------

AS1842856 has an IC50 of 0.033 μM to inhibit FoxO1 and can potently block FoxO1 at a final concentration of 0.05-1 μM without showing cytotoxicity.[@cit0023] We tested 0.1 μM and 1 μM, and found AS1842856 severely suppressed adipogenesis at both concentrations, thus choosing to use 0.1 μM for the treatments if not specified elsewhere. AS1842856 or the vehicle 0.1% DMSO as a treatment control was supplemented through the whole procedure of BMI→DMI→DMII→BMII (**Fig. 1s**), or in the individual stage of BMI, DMI, DMII, BMII (**Fig. 2s**). Other than the treatment stages, the cells were maintained in media identical to the protocol as described above. Images of the cells were captured on day 12 with a Nikon ECLIPSE TS100 microscope.

Oil red O staining {#s0004-0004}
------------------

The Oil Red O working solution was freshly prepared by mixing 0.35% stock solution with dH~2~O (6:4) and filtered, and the staining was conducted as described.[@cit0026] At the end of differentiation procedure (day 12), the media were removed and the cells were washed once with phosphate buffered saline (PBS), and fixed in 4% formaldehyde at room temperature for 10 min and then at 4°C overnight. Subsequently, the cells were washed once with dH~2~O, once with 60% isopropanol, and air dried. Oil Red O working solution was added and the staining at room temperature lasted for 1 h. Afterwards, the stained cells were washed with dH~2~O for 4 times, and the images were captured with a Nikon ECLIPSE 80i microscope. Oil Red O retained in the cells was extracted with isopropanol, and quantified by the absorbance (O.D.) at 510 nm.^28^

Western blot {#s0004-0005}
------------

For cell lysates, the cells were washed with ice-cold PBS (Caisson Labs) and lysed with a Bullet Blender® (Next Advance, Inc..), in PLC lysis buffer:[@cit0020] (30 mM Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM NaPPi, 100 mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor cocktail (Roche), 1 mM PMSF, 10 μM TSA (Trichostatin A, Selleckchem) and 5 mM Nicotinamide (Alfa Aesar). Total protein concentrations of the cell lysates were determined using the DC protein assay (Bio-Rad). Western blot and image analysis were conducted as described previously.[@cit0020] Antibody catalog numbers and vendors are as follows: C1 (A31857) and C3 (A21362) from Invitrogen; PPARγ (MA5-14889) and β-actin (MA5-15739) from Pierce; Adiponectin (2789s), phospho-FoxO1 (9464) and FoxO1 (9454) from Cell Signaling Technology.

Statistical analyses {#s0004-0006}
--------------------

All results are expressed as means ± s.d. and are analyzed by analysis of variance (ANOVA) to determine p values; p \< 0.05 was considered statistically significant.
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